We study the stellar kinematic properties and spatial distribution of the association Cyg OB3 with the most precise and accurate astrometric solution available so far with Gaia DR2. All known O-and B-type stars in the Cyg OB3 region with 5-parameter astrometric solutions are considered in the sample, which consists of a total of 45 stars. The majority of the stars are found to be concentrated at a heliocentric distance of about 2 kpc. The corresponding standard deviation is 0.57 kpc, significantly higher than the expected physical dimension of the association along the line of sight. The mean peculiar velocity of the sample after removing Galactic rotation and solar motion is ∼ 20 km s −1 , dominated by the velocity component towards the Galactic center. The relative position and velocity of the black hole X-ray binary Cyg X-1 with respect to the association suggest that Cyg OB3 is most likely its parent association. The peculiar kinematic properties of some of the stars are revealed and are suggestive of past stellar encounters. HD 225577 is one of the stars exhibiting the lower value of proper motion than the rest of the sample and moving with a peculiar velocity smaller than its velocity relative to the association. The high peculiar velocity of ∼50 km s −1 of a previously known runaway star HD 227018 is confirmed with Gaia. The slowly expanding nature of the association is supported by the small relative speeds < 20 km s −1 with respect to the association for a majority of the sample stars.
INTRODUCTION
OB associations are regions in the sky with higher densities of O-and B-type stars relative to the field (Ambartsumian 1947) . These systems are identified with sites of the most recent star formation regions in the Galaxy and usually host the youngest and most massive stars (see review by Blaauw 1964 , and references therein). It has long been known that associations cannot be bound by their own selfgravity and tend to form unbound stellar aggregates spanning tens of parsecs (Ambartsumian 1947 (Ambartsumian , 1955 Mel'nik & Dambis 2017 ). Many OB associations are known in the Galaxy and catalogues have been published by Humphreys E-mail: a.rao@soton.ac.uk (1978) , Ruprecht et al. (1981) , Humphreys & McElroy (1984) , Blaha & Humphreys (1989) , Garmany & Stencel (1992) , and Mel 'Nik & Efremov (1995) , which we discuss in more detail below. OB associations have historically been of interest for several reasons, for instance in the investigation of the motions of loosely bound or unbound systems in the Galactic potential (e.g. Lindblad 1941 Lindblad , 1942 , the dynamical interactions of the member stars (e.g Wright & Mamajek 2018) , and the formation of stars in giant molecular clouds (Clark et al. 2005 ).
The membership of associations has been assigned and revised by a number of authors, as historical observational advances have been made. Humphreys (1978) provided a list of stars in known associations, but only included stars for which a measurement of the photometric distance was possible based on the information from MK spectral types and UBV photometry. Ruprecht et al. (1981) also presented a catalogue of star clusters and associations. Humphreys & McElroy (1984) expanded the catalogue of Humphreys (1978) , and it was further updated by Blaha & Humphreys (1989) , where the authors catalogued a total of 2263 stars in 91 associations and clusters and another set of 2549 stars in the field. Later, Garmany & Stencel (1992) also provided a list of member stars in associations and computed their distances using the method of cluster fitting of B-type main sequence stars. In the classification scheme discussed in Humphreys (1978) , Humphreys & McElroy (1984) , Blaha & Humphreys (1989) and Garmany & Stencel (1992) , membership assignment is based on a combination of position on the sky, photometric distance and radial velocity.
Mel 'Nik & Efremov (1995) adopted a different method, compared to the previous authors, to determine the minimum unitary structures among the stellar associations by implementing an algorithm for cluster analysis. They found the groups and their members and provided a list of new associations in the Galaxy. Clustering depends on the choice of length scale and groups begin to merge for larger length scales. In this scenario, although the presence of different groups and associations is ascertained from the results of their cluster analysis using an independent method, their boundaries are not well defined. This, consequently, affects the membership assignment and identification of parent associations for those stars located at the association boundaries.
Here, we investigate the properties of the well known association Cyg OB3. We primarily focus on the distances, proper motions and three-dimensional velocity components of the members. We study a particular case of a confirmed black hole X-ray binary Cyg X-1 (otherwise known as HD 226868, Bolton 1972; Webster & Murdin 1972) located at the association boundary (Fig. 1) . Cyg X-1 is one of the brightest X-ray binaries and is composed of a massive black hole of 14.8±1.0 M (Orosz et al. 2011 ) and a companion of 19.2±1.9 M (Orosz et al. 2011 ) of spectral type O9.7Iab (Walborn 1973) . Cyg X-1 has been included in the catalogs of Humphreys (1978) , Garmany & Stencel (1992) , Ruprecht et al. (1981) and Blaha & Humphreys (1989) as a member of Cyg OB3. The cluster analysis algorithm implemented by Mel'Nik & Efremov (1995) divided the association Cyg OB3 into two subgroups for a length scale of 15 pc viz. Cyg 3A and Cyg 3B, however Cyg X-1 was not included in either of the subgroups and remained as a field star. Mirabel & Rodrigues (2003) studied the connection between Cyg X-1 and the association Cyg OB3 using the astrometry from the Hipparcos mission. The authors suggested that the parent association of Cyg X-1 is indeed Cyg OB3, and showed that the binary is located at the same distance as the other stars in Cyg OB3 and exhibits a proper motion similar to that of the association. The authors also showed that the peculiar velocity of Cyg X-1 is very small (9 ± 2 km s −1 ) with respect to the association, and is consistent with the expected random velocities of stars in expanding associations. These results indicate that Cyg X-1 is most likely a member of Cyg OB3. This was later confirmed with accurate measurement of the trigonometric parallax and the proper motion of Cyg X-1 using VLBI radio observations . In this paper, we revisit the proposed connection between Cyg X-1 and Cyg OB3 using the astrometric data from Gaia DR2, which provides trigonometric parallaxes and proper motions for over 1 billion stars in the Galaxy with the best accuracy and precision available to date (Gaia Collaboration et al. 2018a) .
We define the sample of stars and their filtering criteria in the next section. The results are discussed in detail in Section 3. Our study of proper motions is discussed in Section 4. Error analysis reveals that the parallax uncertainties are the most significant contributor to the uncertainty when determining the three-dimensional distances between stars (see Section 5).
In addition, we find the peculiar velocities and relative velocities of individual stars in the sample, where radial velocity measurements were available from the literature, with respect to the median velocity of the association. A comparison of the two velocities turns out to be an efficient method to filter out stars with peculiar kinematic behavior from the main body of the association. There are three stars found in the sample exhibiting higher relative velocities than their peculiar velocities viz. HD 191611, HD 227757, and HD 228053. The results are discussed in Section 7 and individual cases are discussed in detail. Past stellar interactions appear to be the most plausible explanation.
OBSERVATIONS

Sample of Stars
The list of associations published by Humphreys (1978) was restricted to only those stars for which photometric distances were available and included a total of 25 O-and B-type stars in Cyg OB3. The list provided by Garmany & Stencel (1992) includes a larger sample of 37 stars in the association. According to the lists by Humphreys (1978) and Garmany & Stencel (1992) , the association Cyg OB3 is located between Cyg OB1 and Cyg OB5 within Galactic coordinates of 71 • ≤ l ≤ 74 • , and 0.9 • ≤ b ≤ 3.5 • . Instead of restricting to the list of stars given in the above catalogues, we have searched the entire region within the above mentioned Galactic coordinates, and queried the Gaia DR2 archive for sources with 5-parameter astrometric solutions (astrometric_params_solved = 31). Since the faintest OB star in the list of Garmany & Stencel (1992) is of magnitude V=10.3, stars fainter than G=10.3 magnitude are excluded in the query. This selection restricts the sample to contain stars of early B-type, in fact all the stars in Garmany & Stencel (1992) are of spectral type B5 or earlier. Cyg OB3 adjoins Cyg OB1 and there is no clear boundary between the two associations. Therefore the sample of stars in Cyg OB3 is expected to be contaminated by the stars of Cyg OB1 and vice versa. In order to reduce the contamination of stars from Cyg OB1, the query rejects the sources located at a distance, obtained from parallax inversion, smaller than 1.4 kpc. This distance threshold is chosen because it is the average distance for Cyg OB1 reported in Mel'nik & Dambis (2017) . We caution, however, that it is not expected to remove all the contaminants from Cyg OB1.
The resultant list of sources from the query is crossmatched against SIMBAD using a 2 arc second search radius, and the spectral types of matched stars are extracted. A total of 6 stars were removed where more than one potential cross-match was found in order to avoid source confusion while assigning SIMBAD objects to Gaia counterparts. Stars with spectral type O and B are shortlisted in the sample, resulting in a total of 49 stars in the region with 5-parameter astrometric solutions. All the stars are bright with G-band magnitudes in the range 6.07-10.24 with a median value of 8.55.
Filtering Criteria
We followed the three filtering criteria recommended by the Gaia team described in Lindegren et al. (2018) , and also in equations (1-3) of Arenou et al. (2018) , to extract good astrometric solutions. We also filtered the solutions by re-normalized unit weight error (RUWE) 1 , defined as u norm = u/u 0 (G, C), where u = (astrometric_chi2_al/astrometric_n_good_obs_al -5) 1/2 . RUWE is a quality metric introduced after the release of DR2, based on analysis of reliability of the astrometric solutions by the Gaia team. Solutions with RUWE ≥ 1.4 were rejected. Finally, another star HD 227573 was removed from the sample, as it has a fractional uncertainty on its parallax > 1. A number of flags viz. astrometric_gof_al, astrometric_chi2_al, astrometric_excess_noise and astrometric_excess_noise_sig often used to interpret the goodness of an astrometric fit suggested a bad fit for this star. A total of 4 stars were discarded by these filters, resulting in a sample of 45 stars. There are 22 stars in common between the list provided by Garmany & Stencel (1992) and our sample. Table 1 gives a list of all these stars. The names of the sources obtained from SIMBAD and their Gaia DR2 source IDs are provided in the second and third columns, respectively. The remaining columns list the DR2 values including RA and Dec coordinates, G-band magnitude, parallax, and proper motion.
In order to compare the accuracy of the astrometric solutions provided by Gaia to that of Hipparcos, we queried the Hipparcos archive (van Leeuwen 2007) . Astrometric data could be retrieved only for a subset of 10 sources. We calculate the fractional uncertainty ( f ) in the measurement of the parallax ( ) and proper motion (µ α cosδ, µ δ ) for these 10 sources from Hipparcos and 45 sources from Gaia DR2. The mean fractional uncertainties for , µ α cosδ and µ δ from Gaia DR2 are 7%, 2% and 1% respectively, in contrast with 72%, 20% and 9% from Hipparcos. The higher precision of the Gaia data as compared to Hipparcos is evident from the comparison shown in Fig 2. We calculated the absolute magnitudes using the Gaia G−band magnitudes and parallaxes and generated Hertzsprung-Russell (HR) or color-magnitude diagrams (Fig 3) . This allowed us to study spectral types in an independent manner, instead of relying on information from the literature. In order to compare with the color-magnitude diagram for field stars, we included the top one million sources from the Gaia archive following the query and filtering criteria provided in Gaia Collaboration et al. (2018b) . The dereddened field stars and Cyg OB3 stars are shown in grey and blue in the figure, respectively. The figure shows a total of 31 of the sample stars with available reddening values from Gaia DR2. According to the spectral types obtained from SIMBAD, about two-third of the stars in the sample belong to the B−spectral type, while most of the stars in Fig 3  appear to occupy the region for this spectral type in the HR diagram. Positions of different spectral types in colormagnitude diagram on bp_rp scale is obtained from Gaia Collaboration et al. (2018b) .
DISTANCE MEASUREMENTS
Heliocentric distances can be estimated by inverting the parallaxes provided in Table 1 for individual stars (r inv = 1/ ). Bailer-Jones (2015) and Astraatmadja & Bailer-Jones (2016) emphasized that parallax inversion may not serve as a good estimator to find the distance and its uncertainty interval if the fractional uncertainty in parallax measurement is large ( 0.2). It is observed that the fractional uncertainty is less than 0.2 for most of our sample (Table 1) . We estimated the distances to individual stars with a Bayesian prior that considers an exponential decrease of space density as in BailerJones (2015) with a length scale of 2 kpc corresponding to the approximate mean distance to Cyg OB3 and compared with the distances obtained from parallax inversion. The two distance estimates are consistent with each other within the errors, which was expected considering the smaller fractional uncertainties in the parallax measurements. We also searched for our sources in the catalogue provided by Anders et al. (2019) , where the authors estimate accurate distances to a good number of sources using parallaxes from Gaia DR2 and photometric catalogues of Pan-STARRS1, 2MASS, and AllWISE. The distances from parallax inversion are found to be consistent with those obtained from Anders et al. (2019) within uncertainties. We have adopted distance estimates using parallax inversion in the rest of the paper, provided in Table 2 .
A histogram of the distances (r inv ) is shown in Fig 4; the majority of stars are located at a distance of about 2 kpc, suggesting a higher density of OB-type stars in a region spanning 0.57 kpc equal to the standard deviation of r inv estimates. In order to compare the observed width of the parallax distribution and the expected width entirely due to parallax uncertainties, we generated 500 realizations of parallax distributions for 45 sources by drawing random values from a normal distribution defined by a mean < > = 0.5 mas with the respective σ . The observed parallax distribution is found to be significantly wider than the ones obtained from simulations, and suggests that the observed scatter of sources along the line of sight is real and is not entirely driven by parallax uncertainties.
Histograms were once again simulated with parallax uncertainties corresponding to the size of the association (assumed to be 100 pc for a distance of 2 kpc) and the intrinsic variance defined as σ 2 int = σ 2 obs − σ 2 sim was estimated, where σ obs and σ sim are, respectively, the widths of the observed and simulated histograms. It is found that the parallax uncertainties in the calculation of σ sim would have to be increased by a factor of 3 to get zero intrinsic variance. This is unlikely to be produced by systematic effects and therefore, is suggestive of either a real extension of the stars or significant contamination by distant non-members. However, if we adopt the maximum global systematic uncertainty of 0.1 mas stated by the Gaia team (Luri et al. 2018 ), the result is consistent with zero intrinsic variance.
There is only one star at a distance r inv greater than ∼ 3.5 kpc viz. HD 228053 [31] , being the farthest in the sample. The number mentioned in parenthesis indicate the index of the star according to the serial number in Tables 1 and 2 . The nearest stars are at a distance of about ∼1.5 kpc, as constrained by the minimum distance in the archive query.
The mean and median distance for the sample are found to be, respectively, 2.18 kpc and 2.05 kpc, with a standard deviation of 0.57 kpc. The distance of 2.05±0.57 kpc for the association Cyg OB3 is in agreement with the findings of Dambis et al. (2001) , Mel'Nik et al. (2001) , Mirabel & Rodrigues (2003) , Mel'Nik & Efremov (1995) , and Mel'nik & Dambis (2017) . The distance to Cyg X-1 is found to be 2.37±0.18 kpc (Gandhi et al. 2019) , consistent with the distance to the association. 
PROPER MOTIONS
Gaia DR2 provides proper motion measurements for a large number of stars in the region covered by Cyg OB3. Proper motions are defined as µ = µ 2 α * + µ 2 δ , where µ α * (=µ α cosδ) and µ δ are proper motions along RA (α) and Dec (δ), respectively. The proper motions are shown as a function of parallax in Fig 5. Since nearby stars usually exhibit higher proper motions, we expect to find a correlation between parallax and proper motion, as observed in the figure. However, a significantly higher proper motion for HD 227018 Table 2 . Spectral types of the stars mentioned in the third column are obtained from SIMBAD. The distances, r inv , in the fourth column are the heliocentric distances to the stars calculated by inverting the parallaxes. v pec mentioned in the fifth column are the peculiar velocities of stars after removing the components of Solar motion and Galactic rotation. v rel are the relative velocities of individual stars with respect to the association. Radial velocities v r given in the last column are obtained from Kharchenko et al. (2007) . Tables 1 and 2 We also calculate the proper motion of the association by determining the median l − b coordinates of the stars and extrapolating into the past using the median proper motion of the stars. The proper motion of the association over the past 0.5 Myr is presented with a yellow arrow in the figure. Note that the yellow arrow is very similar to that of Cyg X-1, shown in red, both in terms of direction and magnitude. This result, obtained from Gaia DR2 data for 45 stars, is consistent with the findings of Mirabel & Rodrigues (2003) , who studied the association using Hipparcos data for 22 stars.
Galactic rotation and Solar motion significantly contribute to the observed proper motions of stars in the sky. Although the study of the proper motions of any sample provides important clues about the peculiarity in the kinematics of stars, it is important to exclude the two strong contributors to the proper motion in order to find the intrinsic motion of the stars. Therefore, next we calculate the peculiar velocities of the stars in our sample, accounting for the full three-dimensional motions of the stars, including the line of sight, radial velocity.
PECULIAR VELOCITIES
The estimation of the peculiar velocity relative to Galactic rotation and Solar motion for any star requires a full astrometric solution, i.e. parallax, proper motion and radial velocity (v r ), as input. Gaia has a spectrometer on board that can measure radial velocities, however none of the stars studied in this work have measured DR2 v r values. Therefore, these measurements were extracted from the catalogue published by Kharchenko et al. (2007) . The catalogue lists 28 of the stars given in Table 1 for which peculiar velocities (v pec ) and subsequent inferences are discussed herein. The v r for Cyg X-1 is taken from Gies et al. (2008) . The formalism of Johnson & Soderblom (1987) is used to obtain the heliocentric space velocities (U, V, W). Peculiar velocities were calculated by removing Solar motion and Galactic rotation according to the formalism and constants given in Reid et al. (2009 Reid et al. ( , 2014 and is defined as the space velocity after removing Galactic rotation and Solar motion, v pec = U 2 s + V 2 s + W 2 s , where , U s , V s and W s are the velocity components towards the Galactic centre, along the direction of Galactic rotation, and towards the North Galactic pole.
The mean and standard deviation of 10,000 realizations of v pec have been quoted in Table 2 by drawing random values of , µ and v r , accounting for the covariance between and µ quoted in the Gaia DR2 astrometric solution. The calculation of v pec also accounts for the uncertainties of the circular rotation speed of the Galaxy at the location of the Sun (Θ 0 ), Solar motion towards the Galactic centre (U ), Solar motion in the direction of Galactic rotation (V ), Solar motion towards the north Galactic pole (W ) and the distance of the Sun from the Galactic centre (R ) from Reid et al. (2014) . Table 3 lists all the constants and their uncertainties used in the calculation.
A histogram of the calculated v pec values is shown in Fig 7. A majority of the stars exhibit v pec of ∼ 20 km s −1 , with a mean value of 22.8 km s −1 and a range of 10-30 km s −1 , except HD 227018 [35] that has a peculiar velocity of ∼52 km s −1 . The velocity dispersion, measured as the v pec standard deviation is equal to 7.30 km s −1 . This velocity dispersion is small considering the typical v pec uncertainties of individual stars given in The peculiar velocity of Cyg X-1 is found to be 22.1 ± 4.3 km s −1 , consistent with the mean of the association. This result is consistent with the findings of Mirabel & Rodrigues (2003) that the two systems have low peculiar velocities (see also Gandhi et al. 2019) . The match also indicates that Cyg X-1 is a member of the common group formed by the stars in the region. This is consistent with the inferences drawn by Mirabel (2017a) and Mirabel & Rodrigues (2003) regarding the membership of Cyg X-1 in Cyg OB3.
We also calculate the relative three-dimensional velocities v rel of individual stars with respect to the association defined as where U m , V m , W m are the median velocity components of the association. The histogram of v rel is shown in Fig 7. A majority of the stars exhibit v rel of about 10 km s −1 . The mean and standard deviation of 10,000 v rel realizations for each star are shown in Table 2 . Astrometric covariances are taken into account. The mean v rel is 16.6 ± 9.5 km s −1 , where the quoted uncertainty is the standard deviation of the relative velocities of 28 stars. Two stars viz. HD 227757 [29] and HD 227018 [35] have higher relative velocities of 35 km s −1 . As discussed in section 4 and section 7.6 and shown in Fig 5, HD 227757 [29] has a distinct proper motion as compared to the majority of the stars in the association and this is further highlighted by the relative velocity. HD 227018 [35] has the highest proper motion in the sample and is a runaway star (Blaauw 1961) . The relative velocity of Cyg X-1 is estimated to be 10.7 ± 2.7 km s −1 , consistent with an estimate of 9±2 km s −1 by Mirabel & Rodrigues (2003) .
We compare the peculiar velocities of stars with their relative velocities and the results are shown in Fig 8. 
Peculiar velocities (U s , V s and W s )
We study the components of v pec viz. U s , V s and W s for our 28 stars, shown in Fig 9. The median values of the components that can be considered as the velocity components of the association are found to be (U m , V m , W m ) = (14.5±10.8, −2.2±12.3, 3.1±5.7) km s −1 , where the quoted uncertainties are the standard deviation for the sample. v pec is dominated by the U s component along the direction to the Galactic centre, which has a mean value of 14.5 ± 10.8 km s −1 for the sample. The first panel in Fig. 9 shows that the stars move as a coherent group in this direction, excluding five stars marked in the figure with their serial numbers. The standard deviation in U s reduces to 3.2 km s −1 , when the five stars are not considered. A larger spread is observed along the direction of Galactic rotation with a mean and standard deviation of −2.2 ± 12.3 km s −1 . A majority of the stars are observed moving towards the North Galactic pole with a mean velocity of 3.1 ± 5.7 km s −1 for the sample. All three stars HD 191611 [28], HD 227757 [29] and HD 228053 [31] , exhibiting higher relative velocities in Fig (8) , have a velocity component U s that deviates from the rest of the stars. The velocity components for the runaway star HD 227018 [35] are the highest in all three directions. The velocity components for Cyg X-1 are found to be (U s , V s , W s ) = (19.0±4.9, −1.3±5.0, 9.8±1.2) km s −1 and it appears to be moving with the coherent structure formed by other stars in the association.
Kinetic energy
We estimate the kinetic energies of the individual stars and that of the entire association using the peculiar velocities of the stars (K pec = 1 2 Mv 2 pec ). Mahy et al. (2015) . For the rest of the stars, masses are estimated from the spectral types listed in Table 2 using standard conversions 2 . The kinetic energies of individual stars are found to be of the order of 10 46 -10 47 ergs, with the only exception being HD 227018 [35] that shows K pec ∼ 2 × 10 48 ergs and v pec ∼ 52 km s −1 . The total K pec of the association is found to be ∼6 × 10 48 ergs, with a contribution of more than 20% by HD 227018 [35] . Since the values of mass obtained from spectral type extrapolations are not very accurate, our estimates of K pec should be considered as approximate only.
EVOLUTION OF THE ASSOCIATION
A publicly available tool galpy (Bovy 2015) allows the calculation of stellar orbits under a variety of Galactic potentials, and extrapolation of orbits in time. We make use of this facility to estimate the evolution of distance (r rel ) to individual stars with respect to the association. The tool requires a six-parameter input as initial conditions to integrate the orbits viz. α, δ, r, µ α cosδ, µ δ , and v r . The orbits of individual stars are integrated 1000 times by drawing random values of , µ and v r . The covariance between and µ has been taken into account. The mean and standard deviation of distances from 1000 realizations are shown in Fig 10. The values on the abscissa are the indices of stars given in Tables 1 and 2. While most of the stars are within ∼ 500 pc from the centre of the association, the two stars HD 228053 [31] and HD 190429B [41] have r rel > 1 kpc. Hence the two stars not only lie at larger heliocentric distances (> 3 kpc), but also relative to the centre of the association. We caution that the uncertainties on r rel are large. The results of our error analysis reveal that the parallax is the most significant contributor to the uncertainties in r rel estimates.
We study the current and projected RA and Dec positions over the next 10 Myr on the sky plane on parsec scales using galpy assuming all stars lie at the median association distance. The current positions for 45 stars and the projected positions for 28 of the stars are shown in Fig 11 in black and grey, respectively. r α and r δ are the distances from the centre of the association along RA and Dec. The light grey arrows connect the corresponding stars at T=0 and T=10 Myr. The figure suggests an expansion of the association in the plane of the sky with time when only the Galactic potential is considered, although the association is found to be moving towards the Galactic center (Fig 9) . We find that the binding force due to the association on a given member is highly insignificant when compared with the force due to the Galactic potential, rendering the association as an unbound entity that is slowly expanding with time. Fig 12 shows the sky plane diameter of the association as a function of time over the next 10 Myr. All stars are considered to lie at the median distance of the association and then projected over time.
A projection of all the stars in the Galactic plane (Fig 13) shows a highly extended structure, giving an impression of the association spanning more than 2 kpc along the line of sight. Several studies reported the projected sizes of associations on the sky of the order of about 100 pc, with the maximum size extending to about 300 pc (Mel'Nik & Efremov 1995 ). An average diameter of about 125 pc is reported by Humphreys (1979) for associations in the Galaxy. Garmany & Stencel (1992) found the mean size of 18 OB associations to be 137±83 pc and, in particular, reported the maximum diameter of Cyg OB3 to be about 100 pc. With a slightly different approach towards assigning the membership of the stars in the association, Mel 'Nik & Efremov (1995) found a smaller average diameter of about 40 pc, which agrees with the average size of giant molecular clouds. If associations are considered to be symmetric, their extension along the line of sight should also be of the same order. A less precise distance estimate for individual stars can lead to the false appearance of a stretched association along the line of sight. Gaia provides the parallax, and hence distance measurement of the best accuracy and precision available so far, however given the distance scales we are dealing with, the best observations with 10% fractional uncertainty are still not precise enough to estimate the size of associations correctly along the line of sight. At a distance of 2 kpc, the parallax uncertainties of 10% and 20% will result in distance uncertainties of 200 pc and 400 pc respectively, calculated using parallax inversion, which is already a factor of 2 and 4 larger (respectively) as compared to an average diameter of 100 pc. Therefore, the observed elongation of more than 2 kpc along the line of sight of Cyg OB3 is apparently an artifact of parallax uncertainties to a significant extent. Drew et al. (2019) showed a bias in Gaia DR2 towards stars with shorter distances in a larger sample that may shift the distances by about 1 kpc. The systematic uncertainty of 0.1 mas (Lindegren et al. 2018 ) may further shift the distances by 400 pc at a mean distance of 2 kpc. These two factors can very well account for the observed standard deviation of 0.57 kpc of r inv . Elongation of the system is also ruled out when global systematic uncertainties of 0.1 mas are considered in the estimation of the intrinsic variance of the distance histogram (see Section 3). Considering the present level of uncertainties in parallax measurement, we do not delve into membership assignment of individual stars in the association with Gaia DR2 or filtering out the foreground and background objects, though it is worth revisiting the membership and the issue of elongation with future data releases. Given current Gaia data and its limitations, we also conclude that dΦ/dR cannot be constrained on spatial scales 1 kpc, where R is the radial distance from the Galactic Center and Φ is the Galactic gravitational potential.
DISCUSSION
The results obtained from Gaia DR2 for the parallax, proper motion and peculiar velocities of Cyg X-1 and Cyg OB3 are consistent with those obtained using the Hipparcos mission. This further supports the identification of Cyg OB3 as the parent association of Cyg X-1. We find that, although the parallaxes obtained with Gaia are the most accurate and precise measurements available so far, the measurement uncertainties are large enough to introduce scatter in the membership determination of individual stars, as well as a measurement of the physical scale of the association along the line of sight.
We studied the association Cyg OB3 using the full as- trometric solution provided by Gaia DR2 and radial velocities obtained from the literature. The distribution of distances (Fig 4) shows that the majority of the stars lie at a distance of 2.05±0.57 kpc. However, one of the stars HD 228053 [31] is located at r inv 3.5 kpc. If the star is a member of the association, this will stretch the association along the line of sight by ∼2 kpc. Humphreys (1978) , Garmany & Stencel (1992) 
Cyg X-1 / HD 226868 [33]
The black hole binary Cyg X-1 is located at the boundary of Cyg OB3. It is important to identify its parent association in order to understand the formation of black holes and natal kicks (see Blaauw 1961; Lyne & Lorimer 1994; van Paradijs & White 1995; White & van Paradijs 1996; Hansen & Phinney 1997; Jonker & Nelemans 2004; Repetto et al. 2012) imparted during supernovae explosions. Since a majority of known black hole binaries host low mass companions that can be long lived, they could have travelled large distances from their parent associations or site of birth. Therefore it is difficult to identify the parent association of a system with an evolved star and high peculiar velocity. Cyg X-1 is an important black hole in this regard as it is a nearby and young binary with a massive companion and it has been found to exhibit low peculiar velocities (Mirabel & Rodrigues 2003; Mirabel 2017a,b) . It has been suggested by Mirabel (2017a) that Cyg X-1 is at the same distance as the stellar association Cyg OB3 using data from Hipparcos and VLBI radio observations. There are three distance estimates for Cyg X-1 from geometric parallaxes available in the literature. Hipparcos' new reduction places the source at a distance of 0.60 ± 0.32 kpc, while the distance measured with VLBI radio observations is 1.86 +0.12 −0.11 kpc . The latest distance estimate using geometric parallax measurements from Gaia DR2 is 2.37 ± 0.18 kpc (Gandhi et al. 2019) . Massey et al. (1995) measure the distance to the black hole binary to be 2.14 ± 0.07 kpc using photometric and geometric methods. Though more work is needed to understand systematic differences, all of the above mentioned distance estimates, excluding the distance from Hipparcos' new reduction, are in agreement at the 2σ level of confidence, and hence are consistent with the inferred distance to the centre of the association.
The relative velocity of Cyg X-1 is very small with respect to the association, as has been discussed by Mirabel & Rodrigues (2003) . The results for r, µ, v pec and v rel , obtained with the astrometric data from Gaia DR2, confirm the findings of Mirabel & Rodrigues (2003) and support the conjecture that Cyg X-1 is a member of Cyg OB3. The implication of this is that it formed in situ without a strong natal kick. Cyg X-1 is one of few dynamically measured black holes in high mass X-ray binaries, and its low kick is consistent with weak trends of mass dependent natal kicks observed in black hole binaries (e.g. Gandhi et al. 2019 .4 arcsec, where the error is calculated using DR2 positional uncertainties in RA and Dec, which translates into a linear separation of 0.3 ± 1.5 pc at a heliocentric distance of 2 kpc. The three-dimensional distance between the two stars calculated using galpy is found to be 399.2±320.5 pc, where the uncertainty refers to the corresponding 68.3 per cent highest density interval. The uncertainty can be almost entirely attributed to the distance uncertainty along the line of sight between the two stars as σ contributes significantly to the three-dimensional distance between the stars. Future Gaia releases with improved parallax precision will be helpful to understand the relative positions and a possible interaction between the two stars in the past. The offset on the plane of the sky suggests that BD+36 3905 [27] and HD 191611 [28] are likely to lie too far apart to be gravitationally bound in a binary. Hence, if the unusual properties reported here were produced dynamically in the Cyg OB3 association, the most likely mechanism to explain this may be a single binary-binary interaction (e.g. Leigh & Sills 2011; Leigh & Geller 2013) . This would have most likely generated two escaping single stars, leaving behind a binary that experienced a velocity recoil (with a magnitude decided by conservation of linear momentum). According to Ryu et al. (2017) (see the lower left panel in their Figure 3) , this immediately predicts that, if the relative angle between the 3D velocity vectors of the stars is very small (as inferred here), then the surviving binary should have received a recoil in nearly the exact opposite direction to the motions of these stars. This predicts a binary of comparable velocity to the hypothesized runaway pair, with a 3D velocity vector that is at an angle of 180 degrees relative to that of the co-moving pair (when averaged). We caution, however, that the probability of collisions/mergers occurring during such interactions is high, so the hypothesized binary could have merged (e.g. Leigh & Geller 2012) .
HD 227757 [29]
HD 227757 [29] shows a smaller magnitude of proper motion relative to the mean of the association, as shown in Fig 5. In addition, the direction of proper motion differs in Galactic latitude from the rest of the stars in the sample as shown by the blue arrow in Fig 6. The estimated v pec of the object is small (∼ 28 km s −1 ), and therefore the object cannot be classified as a runaway star (v pec > 30 km s −1 ; Blaauw 1961). Xu et al. (2018) measure its velocity with respect to the local standard of rest to be 22.9 ± 20.0 km s −1 . Mahy et al. (2013) found no significant variation in the radial velocity measurements for this star from spectroscopic studies and suggested the star as 'presumably' single. Therefore, a different direction of proper motion from the majority of the stars in the sample may suggest a possible interaction or encounter in the past. This is further supported by the higher v rel = 43.4 ± 4.7 km s −1 (see Fig 8) .
HD 228053 [31] and HD 190429B [41]
The DR2 distance for HD 228053 is found to be more than 3.5 kpc and, therefore, this star is one of the farthest in the sample studied in this work. We calculated the photometric distance using the V−band absolute magnitude 3 corresponding to the spectral type of the star and the G− band extinction from Gaia, which is found to be ∼2.2 kpc. In this context, it is important to note that the star has been included in Humphreys (1978) and Garmany & Stencel (1992) . Mel'Nik & Efremov (1995) have included the star in the subgroup Cyg 3B. The star is moving in space with v pec = 23.09 ± 6.97 km s −1 , and a higher v rel = 33.6 ± 7.4 km s −1 . Although a larger distance and higher relative velocity are not sufficient to rule out the membership of the star from the association, its distance from the centre of the association is found to be greater than 1 kpc. If the linear dimension of the association is of the order a few hundred parsecs, it is not clear whether the star should be considered as a member of the association.
Gaia DR2 places another star HD 190429B [41] at a heliocentric distance > 3 kpc, making it one of the farthest stars in the sample. The star does not exhibit distinct properties in its µ and v pec , however it is observed to lie at a larger distance from the centre of the association (> 1 kpc). The star is not present in either Garmany & Stencel (1992) or Mel'Nik & Efremov (1995) .
HD 227018 [35]
HD 227018 has manifested its distinct kinematic behavior in all diagnostics studied in this work. The highest proper motion of this star amongst our sample is evident from Fig 5  and 6 . It shows v pec of ∼ 50 km s −1 (Fig 7 and 8) and it is a known runaway star moving with a velocity of >30 km s −1 (Blaauw 1961; van Buren et al. 1995) . Its relative velocity v rel is also higher than for the other stars (∼ 40 km s −1 ). Tetzlaff et al. (2011) measure a peculiar spatial velocity of 37.4 +4.8 −7.2 km s −1 and classify the source as a runaway star using Hipparcos data. The star was not included in Cyg OB3 (Cyg 3A and Cyg 3B) by Mel'Nik & Efremov (1995) , but was considered as a member of NGC 6871, the core of the Cyg OB3 association, by Massey et al. (1995) . As discussed in Gvaramadze et al. (2009) and Gvaramadze & Gualandris (2011) , the high velocity of runaway stars can be a consequence of either the disruption of a massive binary following a supernova explosion (Blaauw 1961; Stone 1991; Leonard & Dewey 1993; Iben & Tutukov 1996) or dynamical three or four-body encounters in dense stellar systems (Poveda et al. 1967; Aarseth 1974; Gies & Bolton 1986; Leonard & Duncan 1990; Leigh et al. 2016) . Our analysis reveals that the star HD 227611 [23] came to a distance of closest approach of ∼ 20 pc about 1 Myr ago, however this result in not conclusive of a possible interaction between the two stars resulting in the high velocity of the runaway star.
SUMMARY
Astrometric data from Gaia DR2 for 45 stars located in the region covered by Cyg OB3 are studied in this work. The stars in the sample are found to be concentrated at a heliocentric distance of about 2 kpc. Most of the stars are observed to be moving with peculiar velocity, v pec of about 20 km s −1 . A small dispersion in v pec conforms to the results suggesting that the association forms a coherent structure in velocity space (e.g. Brown et al. 1999; Tian et al. 1996; Mathieu 1986) . OB associations are unbound systems formed from single molecular clouds, wherein the stars begin to drift apart after the escape of dust and gas (Humphreys 1978; Mel'nik & Dambis 2017) . We have calculated the relative velocities of individual stars with respect to the association, which can be considered as a measure of this drift.
The small relative velocities of < 20 km s −1 for a majority of the stars suggest that Cyg OB3 is a slowly expanding association (Fig 12) . Since the relative velocities of the stars are very close to or only marginally different from their respective peculiar velocities, we conclude that expansion is a significant contributor to the peculiar velocities of individual stars.
The kinematic characteristics of Cyg X-1 are found to be consistent with those of the majority of stars in the sample. The membership of Cyg X-1 in the association is not ruled out, despite the location of the binary at the boundary of the association. This result is in agreement with Mirabel (2017a), Mirabel (2017b) , and Mirabel & Rodrigues (2003) that Cyg X-1 is most likely a member of the association and was formed in situ.
Our analysis reveals interesting kinematic behavior for some of the stars; e.g. HD 227757 [29] , which exhibits a proper motion in a direction different to the majority of the stars in the association. HD 191611 [28] is found to have v rel > v pec and is located very close to another object BD+36 3905 [27] in both the sky plane and also along the line of sight. The status of HD 227018 as a runaway star is further supported by data from Gaia DR2. The rest of the stars in the sample display v pec 30 km s −1 and are not classified as runaway stars. The peculiar kinematic properties of these stars might be remnants of past encounters of the stars in a dense environment.
Finally, projected positions of the sample stars on the Galactic xy-plane reveals a highly extended structure along the line of sight. This is most likely an artifact of the uncertainties in the parallax measurements. At the present level of uncertainties, we restricted ourselves to the study of the kinematic properties of the stars and refrained from addressing spatial structure and from identifying members and nonmembers in the association. Future Gaia data releases with improved uncertainties will make such studies more feasible.
